Mesenchymal cell migration relies on the coordinated regulation of the actin and microtubule networks that participate in polarized cell protrusion, adhesion, and contraction. During collective migration, most of the traction forces are generated by the acto-myosin network linked to focal adhesions at the front of leader cells, which transmit these pulling forces to the followers. Here, using an in vitro wound healing assay to induce polarization and collective directed migration of primary astrocytes, we show that the intermediate filament (IF) network composed of vimentin, glial fibrillary acidic protein, and nestin contributes to directed collective movement by controlling the distribution of forces in the migrating cell monolayer. Together with the cytoskeletal linker plectin, these IFs control the organization and dynamics of the acto-myosin network, promoting the actin-driven treadmilling of adherens junctions, thereby facilitating the polarization of leader cells. Independently of their effect on adherens junctions, IFs influence the dynamics and localization of focal adhesions and limit their mechanical coupling to the acto-myosin network. We thus conclude that IFs promote collective directed migration in astrocytes by restricting the generation of traction forces to the front of leader cells, preventing aberrant tractions in the followers, and by contributing to the maintenance of lateral cell-cell interactions.
Introduction
During morphogenesis, tissue repair, and cancer, cells frequently migrate in a collective manner as groups, chains, or sheets (Haeger et al., 2015; Mayor and Etienne-Manneville, 2016) . Collectively migrating cells move with a similar speed and direction (Etienne-Manneville, 2014) . The cytoskeleton, composed of actin microfilaments, microtubules, and intermediate filaments (IFs), plays a key role in single and collective cell migration. The roles of the actin and microtubule network in cell migration have been well characterized (Gardel et al., 2010; Etienne-Manneville, 2013) . Similar to actin and microtubules, IFs affect cell migration (Leduc and Etienne-Manneville, 2015) . During oncogenesis, changes in IF protein expression, in particular increased vimentin levels, have been associated with cell invasion and tumor spreading (Chung et al., 2013; Leduc and Etienne-Manneville, 2015) . However, the exact functions of IFs during migration are still not well understood.
Migration of cell sheets is characterized by specific mechanical features (De Pascalis and Etienne-Manneville, 2017) . High tractions generated at the front of leader cells (du Roure et al., 2005; Trepat et al., 2009 ) are transmitted to the rest of the monolayer (Tambe et al., 2011; Serra-Picamal, 2012) . Because of their structural characteristics, IFs are hypothesized to be key players in cell mechanics, helping maintain cell and tissue integrity (Kreplak and Fudge, 2007; Herrmann et al., 2009 ). Keratin IFs have recently been shown to control traction forces during collective migration of epithelial cells (Sonavane et al., 2017) . Moreover, alterations of the vimentin network in endothelial cells perturb acto-myosin contractility and cell mechanical resilience © 2018 De Pascalis et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publication date (see http:// www .rupress .org/ terms/ ). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0 International license, as described at https:// creativecommons .org/ licenses/ by -nc -sa/ 4 .0/ ). , suggesting that nonkeratin IFs may also contribute to the mechanical properties of collectively migrating cells.
In this study, we used primary astrocytes to investigate the role of IFs in collective migration. Astrocytes are major glial cells that mainly express the three IF proteins glial fibrillary acidic protein (GFAP), nestin, and vimentin, which assemble together in cytoplasmic IFs (Leduc and Etienne-Manneville, 2017) . Increased levels of these IF proteins have been reported in glioblastomas, which are highly invasive primary glial tumors (Ma et al., 2008; Matsuda et al., 2015; Lin et al., 2016; Lv et al., 2017) . Astrocytes migrate in a collective manner during development (Gnanaguru et al., 2013; Liu et al., 2015) . In the adult brain, reactive astrocytes, which express higher levels of GFAP, can polarize to eventually migrate in the direction of inflammatory sites (Burda et al., 2016; Pekny et al., 2016) . The collective migration of reactive astrocytes can be recapitulated in vitro in a wound healing assay that induces the polarization of wound edge cells and the collective movement of the cell sheet in a timely controlled manner (Etienne-Manneville and Hall, 2001; Etienne-Manneville, 2006) . Using this assay, we have investigated the role of vimentin, GFAP, and nestin in collective migration. We show that these three IF proteins participate in the dynamics of the acto-myosin network and its association with focal adhesions (FAs) and adherens junctions (AJs). Glial IFs thus control the distribution of forces in the migrating monolayer and the interactions between neighboring cells, ultimately determining the speed and direction of collective migration.
Results and discussion
IFs control the distribution and strength of traction forces in a migrating monolayer We used previously described siRNAs (si triple IF) to specifically decrease the expression of each of the three main glial cytoplasmic IF proteins (GFAP, vimentin, and nestin) expressed in primary rat astrocytes (Dupin et al., 2011) . A second independent set of siRNAs was also used to reduce the amount of IFs in astrocytes (Fig. S1, A and B). Upon IF protein depletion, cell area and size during migration was increased, as previously reported (Middeldorp and Hol, 2011; Fig. S1, C and D) . In wound healing assays, IF-depleted cells (si triple IF) were slower than control cells (Fig. 1 , A and C; Fig. S1 E; and Video 1), confirming that IFs are involved in astrocyte migration as previously observed in vitro and in vivo (Lepekhin et al., 2001; Dupin et al., 2011; Sakamoto et al., 2013) . Reduction of IFs also significantly decreased the persistence and directionality of migration of primary astrocytes (Fig. 1, B and C; and Fig S1 E) and centrosome reorientation, an indicator of the front-rear polarization of the leader cells (Fig. S1 F). Depletion of either of the three IF proteins present in astrocytes had similar although less pronounced effects on migration than the concomitant depletion of the three proteins, suggesting that they all participate in the functions of the glial IF network ( Fig. 1 C) .
To analyze the effect of IF depletion on traction forces in a migrating astrocyte monolayer, we performed traction force microscopy (TFM; Trepat et al., 2009; Fig. 1, D-F; and Video 2) .
Cells were plated on collagen-coated polyacrylamide substrates inside a polydimethylsiloxane (PDMS) stamp of rectangular shape. Removal of the PDMS stamp allows the cells to migrate outward (Fig. 1, D and E; and Video 2) . Analysis of traction forces in control cells showed that most traction forces were exerted at the edges of the monolayer, whereas follower cells produced weaker forces (Fig. 1, and Video 3) . Although in these conditions cell migration speed was not significantly reduced by IF depletion, possibly indicating that IF effects on velocity are sensitive to substrate rigidity, si triple IF cells showed stronger tractions at all time points ( Fig. 1 , F-I). Moreover, in IF-depleted astrocytes, tractions were generated not only by leaders but also by followers. In fact, most of the increase in traction forces corresponded to increased forces in the follower cells, resulting in the generation of similar traction forces at the edge and in the center of the monolayer (Fig. 1 , F-I). These results show that IFs restrict the generation of traction forces to the leader cells and prevent the accumulation of traction forces within the monolayer.
IFs control the organization and dynamics of the acto-myosin network
In single cells, IFs have been shown to influence the organization of the actin cytoskeleton as well as acto-myosin contractility (Gregor et al., 2014; Jiu et al., 2015 Jiu et al., , 2017 Costigliola et al., 2017) , leading us to investigate how IFs influence the acto-myosin network in migrating monolayers. During collective migration, astrocytes showed two main types of actin fibers (Figs. 2 A and S2 A). In addition to the longitudinal stress fibers oriented in the direction of migration and associated with FAs at the cell front, collectively migrating astrocytes display interjunctional transverse arcs (ITAs), which are anchored at AJs on the lateral sides of adjacent cells (Peglion et al., 2014) . IF-depleted leader cells often completely lacked visible ITAs and only showed longitudinal stress fibers (Fig. 2, A and B; and Fig. S2, A and B) . Silencing any of the three IF proteins similarly favored the generation of longitudinal stress fibers at the expense of ITAs ( Fig. S2 C) . The general orientation of the actin cables was also affected in follower cells just behind the leaders (Figs. 2 C and S2 D) . Although control cells showed actin fibers both perpendicular and parallel to the wound, si triple IF cells mainly displayed stress fibers oriented perpendicular to the wound in both leaders and followers (Figs. 2 C and S2 D) .
The dynamics of the acto-myosin network is one of the main factors responsible for the generation of traction forces exerted on the substrate. We used LifeAct-mCherry-expressing astrocytes to analyze the dynamics of the actin network in leader cells. In wound edge cells, actin ITAs undergo a continuous retrograde flow coupled to the retrograde flow of associated AJs (Peglion et al., 2014) . The retrograde flow of ITAs was visible in cells transfected with control siRNA (si ctl; Fig. 2 , D and E). In the few si triple IF cells showing ITAs, the retrograde flow was much slower (Fig. 2 E) . To analyze the retrograde flow in the longitudinal stress fibers, we used cells expressing GFP-labeled myosin regulatory light chain (GFP-MRLC; Fig. 2 , D and F). Kymograph analysis at the front and rear ends of these longitudinal fibers showed that retrograde flow of myosin was slower in IF-depleted cells than in control cells (Fig. 2, D and F; and Video 4) . Moreover, although myosin flow was higher at the front than at the rear of the fibers in control cells, this difference was abolished in si triple IF cells ( Fig. 2 F) . Altogether, these results show that IFs play a key role in the organization and dynamics of the acto-myosin network during collective cell migration.
IFs are required for actin-driven treadmilling of AJs and maintenance of cell-cell interactions The coordination of the actin-driven retrograde flow between adjacent leader cells drives the treadmilling of cadherin-based Ajs, which participates in the maintenance of AJs and thereby controls centrosome orientation and direction of migration in leader cells (Dupin et al., 2011; Camand et al., 2012; Peglion et al., 2014) . Using GFP-N-cadherin-expressing cells, we observed that depletion of IFs strongly reduced AJ retrograde flow, which was sometimes absent or in the opposite direction in some cells (Fig. 2, D and G; and Video 5) . As previously described (Peglion et al., 2014) , the reduction of AJ retrograde flow by si triple IF or single siRNAs was associated with the altered morphology of AJs, which appeared more discontinuous than in control cells (Fig. 2 H and Fig. S2, E and F) . The alteration of the lateral AJs was confirmed by the increase of nonadherent regions between neighboring wound-edge cells ( Fig. S2 F) . Altogether, these results show that IFs facilitate the actin-driven dynamics of AJs between adjacent leader cells. The reduction of AJ retrograde flow in IF-depleted cells along with the strong decrease of ITA cables probably contributes to the decrease of cell polarity and the loss of coordination between leader cells.
IFs and plectin interact with FAs and control their dynamics and distribution
The impact of IFs on longitudinal stress fibers anchored at FAs ( Fig. S2 A) led us to investigate the relationship between IFs and FAs in migrating astrocytes expressing GFP-vimentin and paxillin-Orange (or RFP-vimentin and GFP-paxillin). Live superresolution imaging (3D-structured illumination microscopy [SIM]) showed that in astrocytes, as in other cell types (Gonzales et al., 2001; Burgstaller et al., 2010; Mendez et al., 2010; Lynch et al., 2013) , IFs come in very close proximity to FAs ( Fig. 3 A) . It also illustrated the highly dynamic behavior of IFs near FAs (Videos 6 and 7).
We thus asked whether IFs could affect FAs, as previously reported in vimentin-expressing cells (Burgstaller et al., 2010; Gregor et al., 2014) . In a migrating monolayer of control astrocytes, FAs are strongly concentrated at the leading edge of the leader cells (Fig. 3 , B and C), whereas only a few small FAs are visible further back in the protrusion or at the rear of leader cells and in followers ( Fig. 3 , B-D). Depletion of IF proteins increased the number and size of FAs in leader cells (Fig. 3 , B and C; and Fig.   S3 A). In this condition, FAs appeared more dispersed between the front edge and the nucleus (Fig. 3, B [insets] and C). Depletion of any single IF protein had a similar effect ( Fig. S3 B) . Using GFP-paxillin-expressing astrocytes, we observed that in leader cells as well as in follower cells of the second or third rows, the lifetime of FAs was longer in si triple IF cells than in control cells (Fig. 3, D and E; and Video 8) . This reduced FA turnover resulted from both a slower assembly and a slower disassembly rate (Fig. 3 , D and E). Further away from the wound, the turnover of FAs was too slow to be analyzed; however, we noticed that IF depletion also led to a strong increase of FAs ( Fig. 3 F) , which is in agreement with the higher tractions seen in the center of the monolayer of si triple IF cells (Fig. 1 , F-I). Because microtubules, which are tightly associated with IFs, can affect the dynamics of FAs (Ezratty et al., 2005; Akhmanova et al., 2009; Gan et al., 2016) , we analyzed the impact of the si triple IF on microtubule organization and dynamics. In si triple IF cells, the microtubule network was intact and globally oriented along the axis of migration as in control cells ( Fig. S3 C) . We analyzed microtubule dynamics by tracking the plus end protein end-binding protein 3 (EB3). We observed that IF depletion slightly but significantly modified the speed and directionality of EB3 comets ( Fig. S3 D and Video 9), indicating that IFs impact microtubule dynamic instability. This also confirms that loss of IFs has a slight effect on microtubule orientation, as previously reported (Gan et al., 2016) . Thus, we conclude that the effect of IF depletion on FA dynamics does not result from major changes in the microtubule network but may involve alterations of microtubule dynamics and the control of microtubule-associated proteins (Chang et al., 2008; Jiu et al., 2017) .
In migrating astrocytes, the cytoskeletal cross-linker plectin colocalizes with IFs and paxillin at the distal end of FAs ( Fig. 4 A) . Although we could not distinguish between the different plectin isoforms, plectin 1f is the most likely candidate, as it has been shown to anchor vimentin to FAs and control FA turnover in fibroblasts (Burgstaller et al., 2010) . IF interaction with plectin and FAs was confirmed by coimmunoprecipitations. Vimentin and GFAP also coimmunoprecipitated with plectin, talin, and vinculin but were not found in control immunoprecipitations performed with irrelevant IgGs (Fig. 4 B) . Comparison of immunoprecipitations performed on nonmigrating and migrating cells (4 h after wounding) showed that IF association with plectin and FA proteins strongly increased during wound-induced migration ( Fig. 4 B) .
We then investigated the role of plectin in astrocyte migration, using siRNA to reduce plectin expression in primary astrocytes ( Fig. S3 , E and F). Plectin depletion strongly affected the distribution of FAs, which are not confined only to the cell tip ( Fig. 3 , B and C). It also affected actin organization (presence hydrogel at different time points. The white dotted line represents the leading edge, and the arrows show the direction of migration. See also Video 2. (F) Tractions in the x direction (T x ) at indicated time points. See also Video 3. (G) Representative kymographs of total tractions (|T|). (H) Graphs of tractions in the x direction (T x ), mean values (left) and values at the edge of the monolayer (middle) and at the center (right). (I) Graph showing the ratio of the tractions at the edge over tractions at the center, plotted as a function of time of migration. Data are from n = 3 independent experiments. The sample size for each repeat is: si ctl 50, 50, 50; si triple IF 50, 50, 50; si GFAP 50, 50, 50; si vimentin 50, 50, 49; si nestin 50, 50, 50 cells for C; two, one, and four videos of si ctl and two, three, and three videos of si triple IF for E-I. Graphs show mean ± SEM. *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Bars, 50 µm. Fig. 4 D) , mimicking the effects observed after IF protein depletion and confirming observations made on plectin-depleted endothelial cells . Plectin depletion reduced the speed, directionality, and persistence of migration ( Fig. 4 E) , as well as centrosome orientation ( Fig. 4 F) , further supporting the idea that plectin and IFs act together to control AJ and FA dynamics, actin organization, and collective cell migration (Leduc and Etienne-Manneville, 2015; Leube et al., 2015; Seltmann et al., 2015; Wiche et al., 2015) .
IFs control vinculin-mediated traction forces at FAs
Because IFs strongly influence actin organization and the generation of traction forces in the migrating monolayer, we asked whether IF depletion may affect the localization of vinculin. Vinculin is a key mechanosensor protein controlling the interaction of actin with both FAs and AJs (Gregor et al., 2014; De Pascalis and Etienne-Manneville, 2017) . In most control cells, vinculin was found at both FAs and AJs (Fig. 5, A and B ). In contrast, in a large majority of IF-depleted cells, vinculin was found in FAs but was frequently absent from AJs (Fig. 5, A and B) . Vinculin exists in a closed conformation that opens upon stretching when actin fibers pull on the carboxy-terminal domain of talin-bound vinculin (Bakolitsa et al., 2004) . We took advantage of the vinculin fluorescence resonance energy transfer (FRET) tension sensor (Grashoff et al., 2010) to quantify the tension exerted on vinculin during cell migration. The FRET index distribution in FAs was shifted to statistically lower values in si triple IF leader cells than in control leader cells ( Fig. 5 C) , suggesting that vinculin-mediated tension was increased in IF-depleted cells.
Because AJs have been shown to locally inhibit FA formation (Camand et al., 2012) , the effect of IFs on FAs may result from the alteration of AJs, leading to a redistribution of FAs and actin. To test this hypothesis, we plated single cells on adhesive micropatterns, which allowed us to study the role of IFs on FAs and traction forces independently of cell migration and cell-cell interactions. On crossbow-shaped micropatterns, FAs reproducibly concentrated on the outer edge of the arc and on the rear side of the bar forming the pattern, whereas the actin cable systematically formed on the two nonadhesive edges of the cell (Fig. 5 D) . IF depletion led to globally wider distribution of FAs, which appeared on the inner region of the adhesive stripes, whereas actin cables formed in more random direction across the cell body ( Fig. 5 D) . We then used TFM to analyze the orientation and strength of traction forces of single cells plated on crossbow-shaped micropatterns. IF-depleted cells exerted significantly stronger traction forces than control cells ( Fig. 5 E) . These results show that IFs affect FAs, actin organization, and traction forces independently of their effect on AJs and cell migration.
In conclusion, our results show that glial IFs increase migration speed, direction, and persistence during astrocyte collective movement. Keratin depletion has an opposite effect on keratinocyte migration (Osmanagic-Myers et al., 2006) , strongly suggesting that IF functions on cell migration depend on their composition. Although the silencing of IF protein is only partial, it strongly affects collective migration, showing that limited perturbations of the IF network as observed in IF-related diseases or oncogenesis are sufficient to alter cell functions. We show that glial IFs together with plectin control the distribution of FAs and the organization of the actin cytoskeleton in the migrating cell sheet as well as on the single cell. The glial IF network controls the distribution of traction forces generated in the migrating cell sheet, preventing the accumulation of such forces within the monolayer. It is thus likely that IF-depleted followers are less pulled by the leader cells, and instead essentially migrate in response to the tractions they exert on the substrate, leading to an alteration of the collective behavior. This could be partially because IF-depleted glial cells cannot interact with their neighbors, as a similar effect was observed for keratin 8 morphants of Xenopus laevis mesoendoderm explants (Sonavane et al., 2017) . In agreement with this hypothesis, we show here that IFs promote the formation of ITAs, which connect the lateral sides of the adjacent leaders and control the treadmilling of AJs. Such actin-driven AJ dynamics is required for the maintenance of cell-cell contacts, which control the directionality and the persistence of migration (Camand et al., 2012; Peglion et al., 2014) . However, experiments of single cells indicate that the control of AJs by IFs is not solely responsible for the impact of IFs on FAs and traction forces. The IF-associated protein, plectin, interacts with IFs and localizes at FAs, and its depletion mimics most of the effects observed after IF depletion. IFs may act via plectin to control vinculin recruitment and the mechanical coupling between FAs and actin and thereby traction forces and/or act indirectly by controlling the acto-myosin network (Costigliola et al., 2017) , 24, 20 for F; si ctl 14, 38, 28 and si triple IF 38, 49, 14 for G; si ctl 104, 120, 178, si GFAP 134, 137, 125, si vimentin 113, 180, 133, si nestin 132, 190, 123, and si triple IF 122, 225, 112 dynamics through microtubules (Ezratty et al., 2005; Akhmanova et al., 2009; Gan et al., 2016) .
Altogether, these observations provide new insights into how higher IF levels may contribute to the invasive phenotype of glioblastoma, suggesting that IFs may serve as an interesting therapeutic target to reduce the invasive capacity of these tumors.
Materials and methods
Cell culture Primary astrocytes were obtained from E17 rat embryos (Etienne-Manneville, 2006) . The striatum of pup brains devoid of meninges was dissected and mechanically dissociated with Pasteur pipettes. The cell suspension was plated on P100 poly-l-ornithine (Sigma-Aldrich)-coated dishes and incubated for 7 d, after which the Immunofluorescence images of migrating astrocytes stained for nuclei (cyan), paxillin (green), and plectin (magenta). (B) Western blot analysis using indicated antibodies of total astrocyte lysates (left) and proteins immunoprecipitated with antibodies against plectin, talin, or vinculin and control antibodies (IgG Ms) before and 4 h after wounding. Input lysate corresponds to 2% of the total lysate used for the IP, with a higher exposition shown for plectin and talin bands. (C) Immunofluorescence images of migrating astrocytes stained for nuclei (cyan) and actin (phalloidin, gray) compared with si ctl (Fig. 2 A) . The white dotted line represents the position of the wound. The quantification shows the percentage of cells that present ITAs. (D) Immunofluorescence images of migrating astrocytes stained for the AJ marker α-E-catenin (gray) and nuclei (cyan). The white dotted line represents the position of the wound. (E) Quantification of nuclear tracking of migrating astrocytes after 24 h of migration. The graphs show cell velocity, directionality, and persistence of migration of astrocytes nucleofected with si ctl or si plectin. (F) Immunofluorescence images of centrosome orientation in plectin-depleted astrocytes stained for nuclei (cyan) and centrin (red) compared with si ctl (Fig. S1 F) . White arrowheads were scored as polarized centrosomes, and yellow ones were scored as nonpolarized centrosomes. The graphs show the percentage of cells with the centrosome located in the wound-facing quadrant in front of the nucleus. Data are from n = 3 independent experiments. The sample size for each repeat: si ctl 262, 247, 150 and si plectin 384, 245, 155 for C; si ctl 40, 50, 39 and si plectin 50, 50, 49 for E; si ctl 92, 222, 83 and si plectin 101, 210, 123 for F. ***, P < 0.001. Histograms show mean ± SEM. Bar, 10 µm. non-astrocytic cells were eliminated by several washes with PBS. 3 d later, the cell culture containing at least 98% GFAP-positive cells could be used. Use of these animals is in compliance with ethical regulations and has been approved by the Prefecture de Police and Direction départementale des services vétérinaires de Paris. Astrocytes were grown in 1 g/l glucose DMEM supplemented with 10% FBS (Invitrogen), 1% penicillin-streptomycin (Gibco), and 1% amphotericin B (Gibco) at 5% CO 2 and 37°C.
Transfection
Astrocytes were transfected with Lonza glial transfection solution and electroporated with a Nucleofector machine (Lonza). Cells were then plated on appropriate supports previously coated with poly-l-ornithine. Experiments were performed 3 or 4 d posttransfection, and comparable protein silencing was observed. siRNAs were used at 1 nmol, and DNA was used at 5 µg (or 2.5 µg for pLifeAct-mCherry). siRNA sequences used were as follows: Luciferase (control) 5′-UAA GGC UAU GAA GAG AUAC-3′, GFAP rat 5′-GAG UGG UAU CGG UCC AAGU-3′, GFAP rat set B 5′-CAA CCU GGC UGU GUA CAGA-3′, vimentin rat 5′-UGA AGA AGC UGC ACG AUGA-3′, vimentin rat set B 5′-CGA GCU CAG CAC AUA ACAA-3′, nestin rat 5′-GUU CCA GCU GGC UGU GGAA-3′, nestin rat set B 5′-AUA AGA GCC UUC UAG AAGA-3′, and plectin rat 5′-AGA GCG AGC UGG AGC GACA-3′. DNA plasmids used were pEGFP-paxillin (gift from E.M. Vallés, Institut Curie, Paris, France), pPaxillin psmOrange (31923; Addgene), pPaxillin-mCherry cloned from pPaxillin psmOrange with BamHI and NotI, pEGFP-N3-vimentin (Sakamoto et al., 2013) , RFP-N3-vimentin cloned from pEGFP-N3-vimentin with NotI and EcoRI, pVimentin psmOrange (31922; Addgene), pLife-Act-mCherry (gift from M. Piel, Institut Pierre-Gilles de Gennes, Paris, France), pEGFP-N-cadherin (gift from C. Gauthier-Rouvière, Cell Biology Research Center, Montpellier, France), eGFP-RLC Myosin II (gift from B. Latge and B. Goud, Institut Curie), vinculin tension sensor (Vin TS; 26019; Addgene; Grashoff et al., 2010) , and mEB3-FL-pEGFP-N1 (gift from N. Morin, Cell Biology Research Center, Montpellier, France).
2D wound healing assay
Cells were plated on appropriate supports (dishes, plates, coverslips, or glass-bottom; MatTek) and allowed to grow to confluence. Fresh medium was added the day after transfection and the day before the experiment. The cell monolayer was then scratched with a p200 pipette tip to induce migration.
Immunofluorescence
Cells migrating for 8 h (unless otherwise stated) were fixed with cold methanol for 3-5 min at −20°C or 4% warm PFA for 10 min and permeabilized for 10 min with Triton X-100 0.2%. Coverslips were blocked for 30 min with 4% BSA in PBS. The same solution was used for primary and secondary antibody incubation for 1 h. Nuclei were stained with DAPI or Hoechst and mounted with Mowiol. Epifluorescence images were acquired with a Leica DM6000 microscope equipped with 40× 1.25-NA or 63× 1.4-NA oil objectives and recorded on a CCD Leica DFC350 FX camera with Leica software. Confocal images were acquired with a Zeiss LSM 700 inverted microscope equipped with a 63× 1.3-NA oil objective with Zen software. Super-resolution 3D-SIM images were acquired with a Zeiss LSM780 ELY RA with 63× 1.4-NA or 100× 1.46-NA oil objectives and recorded on an EMC CD camera Andor Ixon 887 1K with Zen software.
Primary antibodies used were anti-α-E-catenin (32635, rabbit polyclonal, lot 4 of 04/2016; Abcam), anti-α-tubulin (MCA77G YL1/2, rat monoclonal; Bio-Rad), anti-GFAP (sc-6170, goat polyclonal, clone C-19, lots F0313 and H189; Santa Cruz; and Z0334, rabbit polyclonal, lot 20035993; Dako), anti-N-cadherin (ab12221, rabbit polyclonal, lot GR139340-26, and sc-31030, goat polyclonal, clone K-20, lot B2014; Abcam), anti-nestin (MAB353, mouse monoclonal, lot 2780475; Millipore), anti-paxillin (610051, mouse monoclonal, lot 5246880; BD; and ab32084, rabbit monoclonal, clone Y133 and lot GR215998-1; Abcam), anti-Phalloidin (176759, lot GR278180-3; Abcam), anti-pericentrin (PRB 432-C, rabbit polyclonal; Covance), anti-plectin (P9318, mouse monoclonal, clone 7A8; Sigma-Aldrich), anti-talin (T3287, mouse monoclonal, clone 8D4, lot 035M4805V; Sigma-Aldrich), anti-vimentin (sc-7557R, rabbit polyclonal, clone C-20, lot E3113, and 7557, goat polyclonal, clone C-20, lots E0313 and B1510; Santa Cruz; and V6630, mouse monoclonal lot 10M4831; Sigma-Aldrich), anti-vinculin (V9131, mouse monoclonal, lot 036M4797V; Sigma-Aldrich). Secondary antibodies were Alexa Fluor 488 donkey anti-rabbit (711-545-152), Rhodamine (TRI TC) donkey anti-rabbit (711-025-152), Alexa Fluor 647 donkey anti-rabbit (711-695-152), Alexa Fluor 488 donkey anti-mouse (715-545-151), Rhodamine (TRI TC) donkey anti-mouse (715-025-151), Alexa Fluor 647 donkey anti-goat (705-605-147), and Alexa Fluor 488 donkey anti-rat (712-545-153); all from Jackson ImmunoResearch.
Live imaging
For phase-contrast wound healing assays, cells were wounded in 12-well plates with normal astrocyte medium. Hepes was added to the medium, and paraffin was used to cover the well to prevent medium evaporation. Acquisition started 30 min after wounding. Videos were acquired with a Zeiss Axiovert 200M equipped with a thermostatic humid chamber with 5% CO 2 and 37°C. All images were acquired with a 10× 0.45-NA air objective and an EMC CD pco.edge sCMOS camera with Metamorph software. Images were acquired every 15 min for 24 h.
Nuclei of leader cells were manually tracked with Fiji software (Manual Tracking plugin). Calculations for 24 h of migration were normalized by pixel size and time with the following formulas (n is the number of time points acquired and ϑ is velocity): mean velocity, For fluorescence live imaging, cells on appropriate dishes (Ibidi or MatTek) were wounded and allowed to migrate for 4 h before image acquisition. Hepes and antioxidants were added to the medium before acquisition. Epifluorescence experiments investigating paxillin turnover and N-cadherin and actin retrograde flow were performed with a Nikon BioStation IM-Q (40× air objective) at a rate of 1 frame/5 min for 3-5 h with 5% CO 2 and 37°C in normal astrocyte medium. Confocal experiments for MRLC and EB3 were performed on a PerkinElmer spinning disk Ultraview Vox confocal microscope equipped with an EMC CD Hamamatsu camera and a 63× 1.4-NA oil objective and Volocity software with 5% CO 2 and 37°C in normal astrocyte medium. Superresolution experiments were acquired with the Zeiss LSM780 ELY RA PS.1 with an EMC CD Andor Ixon 887 1K camera and a 63× 1.4-NA oil objective at 37°C in normal astrocyte medium. Images were acquired and automatically processed for structured illumination with Zen software.
FRET tension sensor experiments
Cells were transfected with VinTS. The day before the experiment, medium was changed to phenol-free (FluoroBrite DMEM, A18967; Gibco). Cells were wounded for 4 h, and Hepes was added before acquisition. Images were acquired with a Zeiss LSM780 with a 63× 1.4-NA oil objective and Definite Focus with Zen software at 5% CO 2 and 37°C in phenol-free medium. The donor was excited at 458 nm, and the emission spectrum of the sensor was in 13 contiguous channels from 465 to 545 nm, to include both the donor and acceptor emission wavelengths. Images were analyzed through the Fiji plugin PixFret. After background correction, the FRET index was calculated on thresholded images to delineate the FAs. PixFret calculates the FRET index by measuring the ratio of intensity I FRET /(I Donor + I FRET ) between the donor channel and the FRET channel (channels 3 and 6).
FACS
Migrating and nonmigrating cells in 100-mm dishes were trypsinized and fixed in 4% warm PFA for 10 min, and 10,000 cells were analyzed on a BD LSRFortessa II flow cytometer applying a live cell gate based on forward scatter and side scatter.
Micropatterns
Coverslips were plasma-cleaned for 45 s and incubated immediately with 0.1 mg/ml poly-l-lysine/polyethylene glycol (PLL-PEG) diluted in 10 mM Hepes for 30 min at room temperature. Excess of PLL-PEG was allowed to slide off, and the coverslips were dried before printing. Micropatterns were printed for 4 min with specifically designed chrome masks and coated for 1 h at 37°C with collagen (100 µg/ml) and fluorescent fibrinogen (Alexa Fluor 647, 20 µg/ml) diluted in fresh NaHCO 3 , pH 8.3, 100 mM. Micropatterned coverslips were washed twice in PBS and used immediately for the experiments. Plated cells were allowed to adhere for 16 h before fixation. Crossbow patterns have a diameter of 40 µm, with an area of ∼1,000 µm 2 .
TFM experiments on micropatterns
After printing, micropatterns were coated with collagen and fluorescent fibrinogen for 1 h. A thin layer of polyacrylamide solution (52.5 µl acrylamide, 50.25 µl bis-acrylamide, 381 µl water, 10 µl of 0.2-µm-diameter fluorescent beads [FluoSpheres;
Molecular Probes], 5 µl of 10% APS, and 3 µl Temed for a 40-kPa gel), previously vacuumed, was allowed to polymerize on the collagen for 20 min. Gels were then washed twice in NaHCO 3 , pH 8.3, 100 mM, and cells were plated immediately. 16 h later, stacks of single cells were acquired before and after trypsin treatment. Acquisitions were performed with a Nikon Eclipse Ti-E inverted microscope, with a 40× 0.6 NA air objective equipped with an ORCA-Flash 4.0 Hamamatsu CMOS camera with Micromanager software at 5% CO 2 and 37°C in normal astrocyte medium. Only single cells, checked through Hoechst staining, were analyzed. Analysis of TFM on micropatterns was performed with a custom-designed macro in Fiji based on work by Tseng et al. (2012) . The topmost planes of beads before and after trypsinization were selected and aligned using a normalized cross-correlation algorithm (Align Slices in Stack plugin). The displacement field was computed from bead movements using particle image velocimetry (PIV). Parameters for the PIV were three interrogation windows of 128, 96, and 64 pixels with a correlation of 0.60. Traction forces were calculated from the displacement field using Fourier transform traction cytometry and a Young's modulus of 40 kPa, a regularization factor of 10 −9 , and a Poisson ratio of 0.5.
TFM experiments on migrating cells
The protocol for these experiments has been adapted from Trepat et al. (2009 ), Tambe et al. (2011 ), and Serra-Picamal et al. (2015 . Hydrogels with a Young's modulus of 9 kPa containing fluorescent beads (375.3 µl of 10 mM Hepes, 93.75 µl of 40% acrylamide, 25 µl of 2% bis-acrylamide, 3.2 µl of 0.2-µmdiameter FluoSpheres, 2.5 µl APS, and 0.25 µl Temed) were prepared on a six-well MatTek plate. Gel surface was activated with a solution of 2 mg/ml sulfo-SAN PAH (22589; Thermo Scientific) for 5 min under UV light (wavelength of 365 nm at a distance of 5 cm). After three washes to remove the excess sulfo-SAN PAH, gels were coated with a solution of rat tail type I collagen (100 µg/ml) overnight at 4°C. At this point, gels were ready to seed cells.
Monolayer patterning was achieved by using PDMS membranes with rectangular openings. In brief, SU8 masters with the desired shape were produced by soft lithography. After master silanization (trichloro(1H,1H,2H,2H-perfluoro-octyl) silane; Sigma-Aldrich), PDMS was spin-coated on top at 4,200 rpm for 1 min and 15 s and allowed to polymerize at 80°C for 2 h. For handling purposes, thick borders of PDMS were added to the membranes. To avoid cell attachment, PDMS membranes were passivated using a 2% solution of Pluronic F-127 (Sigma-Aldrich) in PBS for 1 h, washed, and allowed to dry. Afterward, membranes were carefully placed on top of coated polyacrylamide gels, and a 15-20-µl drop containing 500,000 cells was seeded right on the PDMS opening. Thus, cells only attached in the desired rectangular configuration. After at least 2 h, PDMS was removed, allowing the monolayer to spread, and imaging started. Images of the cells and the fluorescent beads were acquired every 15 min for 24 h on an inverted epifluorescence Nikon Eclipse Ti microscope with an ORCA-Flash 4.0 CMOS IMCD camera, 10× 0.3-NA air objective with PFS using Metamorph software at 5% CO 2 and 37°C in normal astrocyte medium. At the end of the experiment, cells were trypsinized to image the gel in a relaxed configuration to be used as a reference. Analysis was performed every 1 h for the 24-h time course with custom-made Matlab software by comparing the beads at every time point to the reference image. First, the two images were aligned using a custom-made 2D cross-correlation algorithm. Then, PIV analysis was performed using a window of 32 × 32 pixels and an overlap of 0.5, thus obtaining a displacement field for every time point. Tractions were computed from displacements using Fourier transform traction microscopy with finite substrate thickness (Trepat et al., 2009; Tambe et al., 2011; Serra-Picamal et al., 2015) .
Electrophoresis and Western blot
Cells lysates were obtained with Laemmli buffer composed of 60 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, and 50 mM DTT with the addition of antiprotease (cOmplete cocktail, 11 873 588 001; Roche), 1 mM glycerol phosphate, 1 mM Na orthovanadate, and 1 mM Na fluoride. Samples were boiled for 5 min at 95°C before loading on polyacrylamide gels. Transfer occurred at 0.2 or 0.3 A overnight on nitrocellulose membranes. Membranes were blotted with TBST (0.2% Tween) and 5% milk and incubated for 1 h with the primary antibody and for 1 h with HRP-conjugated secondary antibody. Bands were revealed with ECL chemiluminescent substrate (Thermo Scientific).
Primary antibodies used were anti-β-catenin (610154, mouse monoclonal, lot 3137536; BD), anti-GFAP (sc-6170, goat polyclonal, clone C-19, lots F0313 and H189; Santa Cruz), anti-GAP DH (MAB374, mouse monoclonal, lot 2689153; Millipore), anti-nestin (MAB353, mouse monoclonal, lot 2780475; Millipore), anti-plectin (mouse monoclonal, clone 7A8; Sigma-Aldrich), anti-talin (T3286, mouse monoclonal, clone 8D4, lot 035M4805V; Sigma-Aldrich), anti-vimentin (V6630, mouse monoclonal, lot 10M4831; Sigma-Aldrich), and anti-vinculin (V9131, mouse monoclonal, lot 036M4797V; Sigma-Aldrich). Secondary HRP-conjugated antibodies used were peroxidase donkey anti-rabbit (711-035-152), peroxidase donkey anti-mouse (715-035-151), and peroxidase donkey anti-goat (705-035-147); all from Jackson ImmunoResearch.
Immunoprecipitation
Confluent 100-mm-diameter dishes of WT astrocytes were washed with cold PBS and lysed with IP B buffer (25 mM Tris HCl, pH 7.5, 1 mM EDTA, pH 8, 150 mM NaCl, 1 mM MgCl 2 , and 0.5% Triton X-100) with the addition of fresh anti-protease (cOmplete cocktail). Lysates were centrifuged at 13,000 rpm for 2.5 min at 4°C. 15 µl (2% of the total lysate) of supernatant was stored at −20°C with the addition of Laemmli buffer, and the rest of the supernatant was incubated with 50 µl protein G (previously washed in PBS) and 1 µg primary antibody or control antibody for 2 h at 4°C on a spinning wheel. Beads were washed at least eight times with the IP B buffer before loading in Laemmli buffer on precast gels (Invitrogen).
Quantification of immunofluorescent images
All images were analyzed with Fiji software (Schindelin et al., 2012) . For actin distribution and orientation, cells in the first row were scored manually as positive when containing both ITAs and stress fibers or negative when they possessed only stress fibers and no ITAs. To measure actin fiber orientation in the followers, phalloidin z-stacks were projected for maximum intensity onto one image. After filtering with a specific kernel and despeckling, they were analyzed with a specific Fiji directionality plugin. Vinculin localization on FAs or cell-cell junctions was manually scored in the first row of cells. Polarity was also scored by counting the percentage of cells with the centrosome (centrin staining) oriented in the 90° quadrant toward the wound.
To quantify retrograde flow, kymographs (width, 5 pixels) were drawn on the cell-cell junctions (front part) or on the central axis (tip and behind) of the cell for myosin. They were plotted with the Multi Kymograph plugin, from which three slopes were measured to obtain a mean value for each cell. To quantify FAs, background-subtracted images of FA-stained cells were thresholded with the same value for all images. Cell contours were drawn manually to count the number and size of FAs. The relative projected distance between FAs and the nucleus was defined to characterize the distribution of FAs by projecting the FA position onto a line drawn between the centroid of the nucleus and the tip of the cell (see schematics in Fig. 3 C) . To quantify paxillin FA turnover, integrated fluorescent intensity was analyzed. Turnover was defined as the time elapsed between their birth (first frame) and their death (last frame). Assembly was defined as the time between birth and the peak of fluorescent intensity, and disassembly was defined as the time between the highest peak of intensity and death of the FA.
EB3 tracking was performed with Fiji TrackMate Plugin with the following settings: LoG detector, estimated blob diameter 1 pixel, simple LAP tracker (1 pixel linking max distance, 1.5 pixel gap-closing max distance, and 3 gap-closing max frame gap), and filters for duration of track (>4) and track displacement (>2.5). Velocity, persistence, and directionality toward the wound were calculated with the formulas previously described for cell migration (in the x direction) with a custom-designed Fiji macro.
Statistical analysis
All data are presented as the mean in dot plots or mean ± SEM in histograms of at least three independent experiments. Statistical analysis was obtained with Student's t test for Figs. 2 (E and G), 3 (E and F), 4 E, and 5 (C and E) and Figs. S1 (A and C-E) and 3 (D and E). ANO VA followed by Bonferroni post hoc test for Figs. 1 C, 2 F, and 3 (C, E, and F) and Fig. S2 F or χ 2 test for contingency on the raw data for Figs. 2 (B and H) , 4 (C and F), and 5 B and Figs. S1 F, 2 C, and 3D. Analysis was performed with GraphPad Prism 5.0. P-values are reported as not significant (n.s.) for P > 0.05, *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Fig. S1 shows the levels of silencing of IFs on migrating astrocytes (Western blots and immunofluorescence) and their effects on collective migration and centrosome polarity. Fig. S2 shows the effect of single IF siRNA on the actin cytoskeleton and AJs. Fig. S3 shows the effect of single IF siRNA on FAs, the effects of si triple IF on microtubules and their dynamics, and the levels of silencing of si plectin (Western blot and immunofluorescence). Video 1 shows a wound healing assay of primary astrocytes transfected with si ctl or si triple IF. Videos 2 and 3 show migration of primary astrocytes transfected with si ctl and si triple IF and their tractions (T x ), respectively. Video 4 shows the effects of IFs on myosin retrograde flow during collective migration. Video 5 shows the effects of IFs on N-cadherin retrograde flow during collective migration. Videos 6 and 7 show the dynamics of vimentin IFs near FAs. Video 8 shows the effect of IFs on FA turnover during collective migration. Video 9 shows EB3 dynamics of si ctl and si triple IF astrocytes during collective migration.
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